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1.4 Introduction to the conservation 
agenda in Gabon and the Lopé long-term 
phenology study  


















































































































































































































































































































































A version of this chapter has been published as:  
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Dikangadissi, J.T., Jump, A.S. & Bunnefeld, N. (2017). Fourier analysis to 
detect phenological cycles using tropical field data and simulations. 
Methods in Ecology and Evolution, 8, 530–540. 
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KA, KJ, CT, LW, ED, JTD and EB collected and archived the data and EB 
performed analyses with advice from KA, AJ and NB. All authors 
contributed critically to the drafts, and the published version formatted for 

















































































































































































































































2.3 How to detect and describe flowering 








































Cycle length =  1 / 0.056 = 18 months 












2 36 12 24 360 
Cycle length (months) 
Cycle frequency (cycles / month) 
0.0 0.1 0.2 0.3 0.4 0.5 
Cycle frequency (cycles / month) 
0.0 0.1 0.2 0.3 0.4 0.5 
Date 
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2.4 Scaling up – quantifying flowering 
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2.5 Testing Fourier under different scenarios 
using both simulated and field data 























































































2.6 Discussion  

















































































































































y Newstrom et al 
(1994) 
La Selva, Costa Rica FL 11 Graphical representation 
Categorisation 
Inds Comm (Inds) No Frequency (categorical) / 




BCI, Panama FL 5 Circular statistics Spp Comm (Spp) Yes Duration / Timing / Temporal 
concentration  
Sakai (1999) Lambir, Malaysia FL / FR 4.4 Categorisation 
Morisita's Index of aggregation 
Spp Comm (Guild (Inds) Yes Frequency (categorical) / 
Temporal distribution 
Sakai (2001) La Selva, Costa Rica / 
Lambir, Malaysia 



















Chapman et al 
(1999) 
Kibale, Uganda FL / FR 6.34 Fourier analysis 
Coefficient of Dispersion (CD) 
Inds Comm (Spp) No Frequency 
CD 
Wright et al 
(1999) 
BCI and Gigante, 
Panama 
FR 8.5 Circular statistics 
Circular correlation analyses 
Spp Comm (Spp) Yes Productivity /Timing / Temporal 
concentration 
Anderson et al 
(2005) 
Taï National Park, 
Côte d’Ivoire 






Yes Frequency / Duration / Timing 
Sakai et al 
(2006) 
Lambir, Malaysia FL / FR 10 Spearman's rank correlation 
coefficient 
Inds Comm (Inds) Yes Productivity 




FR 5.7 Bootstrapping  
Finite mixture theory 
Inds Comm (Genera (Inds)) Yes Productivity 




FR 5  Modeled autocorrelation 
functions 
Spp Comm (Spp) 
 
Yes Frequency (categorical) 
Ting et al (2008) Global (48 studies) FR 1+ Circular statistics, GLMs, 
Circular correlations 
Spp Comm (Comms) Yes Duration / Timing 
Zimmerman et al 
(2007) 
EL Verde, Puerto Rico 
/ BCI, Panama 
FL / FR 10 / 15 Circular statistics  
Cross-correlation analysis 
Spp Comm (Spp) Yes Timing / Temporal concentration / 
Productivity 
Newbery et al 
(2013) 
Korup, Cameroon L / FL / FR 16 Logistic regression with GLMs Inds Spp (Inds) Yes Productivity 
Pau et al (2013) BCI, Panama / 
Luquillo, Puerto Rico 










Chapman et al 
(2005) 
Kibale, Uganda FR 12 Graphical representation 
Regression analysis 
Inds Comm (Spp) Yes Productivity  
Coefficient of Variation 
Wright and 
Calderon (2006)  
BCI, Panama FL / FR 18 Cross-correlations  
Repeated one-way ANOVA  
Spp Comm (Guild) Yes Productivity  
Polansky and 
Boesch (2013) 
Taï National Park, 
Côte d'Ivoire 
FR 12 Semi-parametric generalized 
additive model (GAM) 
framework 
Inds Comm (Spp (Inds)) Yes Probability of phenophase 
Polansky and 
Robbins (2013) 
Bwindi, Uganda FR 7.9 Semi-parametric GAM 
framework 
Inds Comm (Spp (Inds)) Yes Probability of phenophase 
1Phenophase: L = leafing, FL = flowering, FR = fruiting; 2Scale at which data was collected: Inds = individuals, Spp = species; 3Scale at which data was analysed including hierarchical structure: Comm = 
community, Spp = species, Inds = individuals; 4Indicators derived from analysis with potential to be used more widely, for example to compare between sites or over time. Productivity refers to number of 









































































Family Species N Family Species N
Mangifera	indica 5 Ficus	97 3
Pseudospondias	longifolia 2 Ficus	mucuso 2
Pseudospondias	microcarpa 12 Ficus	recurvata 4
Trichoscypha	acuminata 11 Milicia	excelsa 11
Annickia	chlorantha 10 Myrianthus	arboreus 12
Greenwayodendron	suaveolens 12 Treculia	africana 2
Monanthotaxis	congoensis 10 Pycnanthus	angolensis 15
Uvariastrum	pierreanum 12 Scyphocephalium	ochocoa 9
Xylopia	aethiopica 11 Staudtia	kamerunensis 11
Xylopia	hypolampra 10 MYRT Psidium	guineense 19
Xylopia	quintasii 12 Heisteria	parvifolia 11
Xylopia	sp593 3 Ongokea	gore 10
Aucoumea	klaineana 41 PAND Panda	oleosa 12
Canarium	schweinfurthii 10 Massularia	acuminata 10
Dacryodes	buettneri 11 Nauclea	diderrichii 18
Dacryodes	normandii 5 Nauclea	vanderguchtii 6
Santiria	trimera 9 Porterandia	cladantha 12
CALO Mammea	africana 8 Psychotria	vogeliana 29
CHRY Maranthes	glabra 9 Ganophyllum	giganteum 10
CLUS Pentadesma	butyracea 14 Lecaniodiscus	cupaniodes 5
Diospyros	dendo 27 Baillonella	toxisperma 8
Diospyros	mannii 7 Chrysophyllus	africanum 10
Diospyros	polystemon 18 Chrysophyllus	subnudum 3
Diospyros	zenkeri 8 Omphalocarpum	procerum 7
Antidesma	rufescens 1 SCYT Scytopetalum	spp 2
Antidesma	vogelianum 21 STER Cola	lizae 12
Uapaca	guineensis 29 TILI Duboscia	macrocarpa 11
Bobgunnia	fistuloides 11 ULMA Celtis	tessmannii 10
Detarium	macrocarpum 16 VERB Vitex	doniana 29










































Maranthes	glabra 9 9 12 9.3 0.32
Xylopia	aethiopica 11 10 12 8.1 1.24
Pycnanthus	angolensis 15 15 12 7.5 0.17
Pentadesma	butyracea 14 12 12 6.7 0.46
Ongokea	gore 10 9 12 6.6 0.23
Duboscia	macrocarpa 11 11 18 5.9 4.81
Cissus	dinklagei 11 10 12 5.8 0.25
Antidesma	vogelianum 21 19 6 5.6 0.2
Porterandia	cladantha 12 12 12 5.6 0.13
Cola	lizae 12 12 12 5.4 0.25
Dacryodes	buettneri 11 10 12 4.9 0.13
Parkia	bicolor 10 10 12 4.9 1.24
Sacoglottis	gabonensis 19 15 12 4.8 0.25
Tetrapleura	tetraptera 20 12 12 4.7 0.9
Vitex	doniana 29 26 12 4.4 0.48
Greenwayodendron	suaveolens 12 5 12 4 0.36
Heisteria	parvifolia 11 11 12 3.9 0.27
Psidium	guineense 19 10 6 3.8 0.11
Monanthotaxis	congoensis 10 10 12 3.8 0.19
Scyphocephalium	ochocoa 9 5 12 3.7 0.15
Psychotria	vogeliana 29 18 6 3.6 0.11
Canarium	schweinfurthii 10 7 12 3.6 0.65
Dialium	lopense 35 14 12 3.5 0.19
Staudtia	kamerunensis	var.	gabonensis 11 9 12 3.5 0.31
Diospyros	mannii 7 5 12 3.5 0.5
Uapaca	guineensis 29 19 12 3.4 0.31
Santiria	trimera 9 6 12 3.1 1.68
Diospyros	polystemon 18 16 12 3 0.15
Irvingia	gabonensis 23 13 12 3 0.25
Aucoumea	klaineana 41 18 12 2.9 0.23
Xylopia	quintasii 12 6 12 2.9 0.21
Diospyros	dendo 27 16 12 2.8 0.23
Celtis	tessmannii 10 9 12 2.8 0.1
Pentaclethra	macrophylla 26 7 12 2.8 0.52
Diospyros	zenkeri 8 6 12 2.8 0.08
Ganophyllum	giganteum 10 10 12 2.6 0.11
Irvingia	grandifolia 22 9 12 2.6 0.17
Trichoscypha	acuminata 11 8 12 2.6 0.19
Uvariastrum	pierreanum 12 6 12 2.5 0.23
Detarium	macrocarpum 16 11 12 2.4 0.23
Pseudospondias	microcarpa 12 6 6 2.4 0.17

















Mangifera	indica 5 3 12 5.5 0.13
Guibourtia	tessmannii 4 3 12 4.1 0
Omphalocarpum	procerum 7 2 6 3.5 0
Antidesma	rufescens 1 1 6 3.5 0
Bobgunnia	fistuloides 11 3 11 3.2 0
Treculia	africana 2 1 12 3.2 0
Chrysophyllus	subnudum 3 3 12 3.1 0.21
Myrianthus	arboreus 12 4 12 3 0.86
Mammea	africana 8 3 12 2.9 0.06
Nauclea	diderrichii 18 3 12 2.8 0.1
Xylopia	sp593 3 3 12 2.8 0.38
Massularia	acuminata 10 1 32 2.7 0
Annickia	chlorantha 10 3 12 2.6 0.21
Beilschmeidia	fulva 8 1 12 2.6 0
Xylopia	hypolampra 10 4 12 2.5 0.04
Panda	oleosa 12 3 2 2.5 0
Chrysophyllus	africanum 10 1 12 2.4 0
Nauclea	vanderguchtii 6 1 12 2.4 0
Milicia	excelsa 11 3 6 2.2 0
Pseudospondias	longifolia 2 2 4 2.2 0
Pterocarpus	soyauxii 10 1 12 2 0
Ficus	mucuso 2 1 2 2 0
Lecaniodiscus	cupaniodes 5 1 12 1.8 0
Scytopetalum	spp 2 0 NA NA NA
Baillonella	toxisperma 8 0 NA NA NA
Ficus	recurvata 4 0 NA NA NA
Ficus	97 3 0 NA NA NA













Estimate	 SE	 Z	value	 P	value	
Fixed	effects:	
	 	 	 	Years	 0.10	 0.02	 6.42	 <0.001	
	 	 	 	 	Random	effects:	
	 	 	 	Pycnanthus	angolensis	 2.11	
	 	 	Porterandia	cladantha	 1.62	
	 	 	Cissus	dinklagei	 1.39	
	 	 	Cola	lizae	 1.39	
	 	 	Duboscia	macrocarpa	 1.36	
	 	 	Ganophyllum	giganteum	 1.12	
	 	 	Heisteria	parvifolia	 1.11	
	 	 	Monanthotaxis	congoensis	 1.10	
	 	 	Chrysophyllus	subnudum	 1.05	
	 	 	Parkia	bicolor	 1.05	
	 	 	Maranthes	glabra	 0.98	
	 	 	Xylopia	aethiopica	 0.73	
	 	 	Antidesma	rufescens	 0.66	
	 	 	Xylopia	sp593	 0.51	
	 	 	Pseudospondias	longifolia	 0.48	
	 	 	Antidesma	vogelianum	 0.46	
	 	 	Vitex	doniana	 0.44	
	 	 	Diospyros	polystemon	 0.08	
	 	 	Sacoglottis	gabonensis	 -0.13	
	 	 	Pentadesma	butyracea	 -0.29	
	 	 	Dacryodes	buettneri	 -0.40	
	 	 	Ongokea	gore	 -0.46	
	 	 	Diospyros	zenkeri	 -0.54	
	 	 	Celtis	tessmannii	 -0.66	






	 	 	Guibourtia	tessmannii	 -0.95	
	 	 	Mangifera	indica	 -1.04	
	 	 	Psychotria	vogeliana	 -1.05	
	 	 	Diospyros	mannii	 -1.08	
	 	 	Santiria	trimera	 -1.09	
	 	 	Omphalocarpum	procerum	 -1.11	
	 	 	Uapaca	guineensis	 -1.13	
	 	 	Canarium	schweinfurthii	 -1.26	
	 	 	Detarium	macrocarpum	 -1.30	
	 	 	Trichoscypha	acuminata	 -1.39	
	 	 	Diospyros	dendo	 -1.49	
	 	 	Scyphocephalium	ochocoa	 -1.61	
	 	 	Psidium	guineense	 -1.63	
	 	 	Irvingia	gabonensis	 -1.68	
	 	 	Xylopia	hypolampra	 -1.75	
	 	 	Dialium	lopense	 -2.02	
	 	 	Ficus	mucuso	 -2.05	
	 	 	Mammea	africana	 -2.05	
	 	 	Aucoumea	klaineana	 -2.08	
	 	 	Bobgunnia	fistuloides	 -2.10	
	 	 	Treculia	africana	 -2.10	
	 	 	Xylopia	quintasii	 -2.13	
	 	 	Irvingia	grandifolia	 -2.21	
	 	 	Uvariastrum	pierreanum	 -2.25	
	 	 	Pseudospondias	microcarpa	 -2.32	
	 	 	Panda	oleosa	 -2.32	
	 	 	Klainedoxa	gabonensis	 -2.41	
	 	 	Greenwayodendron	suaveolens	 -2.49	
	 	 	Pentaclethra	macrophylla	 -2.59	
	 	 	Myrianthus	arboreus	 -2.61	
	 	 	Beilschmeidia	fulva	 -2.66	
	 	 	Massularia	acuminata	 -2.71	






	 	 	Lecaniodiscus	cupaniodes	 -3.24	
	 	 	Scytopetalum	spp	 -3.25	
	 	 	Milicia	excelsa	 -3.52	
	 	 	Ficus	97	 -3.55	
	 	 	Nauclea	diderrichii	 -3.57	
	 	 	Dacryodes	normandii	 -3.57	
	 	 	Baillonella	toxisperma	 -3.58	
	 	 	Nauclea	vanderguchtii	 -3.87	
	 	 	Ficus	recurvata	 -3.97	
	 	 	Pterocarpus	soyauxii	 -4.53	











Estimate	 SE	 Z	value	 P	value	
Months	 0.03	 0.00	 12.54	 <0.001	
Cola	lizae	 -1.87	 0.27	 -7.05	 <0.001	
Greenwayodendron	suaveolens	 -1.96	 0.39	 -5.00	 <0.001	
Parkia	bicolor	 -2.25	 0.28	 -8.08	 <0.001	
Cissus	dinklagei	 -2.27	 0.31	 -7.37	 <0.001	
Detarium	macrocarpum	 -2.61	 0.37	 -7.03	 <0.001	
Monanthotaxis	congoensis	 -2.72	 0.31	 -8.82	 <0.001	
Canarium	schweinfurthii	 -2.77	 0.39	 -7.04	 <0.001	
Heisteria	parvifolia	 -2.80	 0.27	 -10.28	 <0.001	
Uapaca	guineensis	 -2.87	 0.38	 -7.52	 <0.001	
Celtis	tessmannii	 -2.92	 0.32	 -9.06	 <0.001	
Dacryodes	buettneri	 -2.93	 0.31	 -9.38	 <0.001	
Ongokea	gore	 -2.97	 0.41	 -7.28	 <0.001	
Ganophyllum	giganteum	 -2.98	 0.38	 -7.86	 <0.001	
Irvingia	grandifolia	 -3.13	 0.37	 -8.57	 <0.001	
Xylopia	quintasii	 -3.41	 0.45	 -7.55	 <0.001	
Irvingia	gabonensis	 -3.47	 0.50	 -6.91	 <0.001	
Diospyros	zenkeri	 -3.48	 0.48	 -7.23	 <0.001	
Klainedoxa	gabonensis	 -3.67	 0.53	 -6.94	 <0.001	
Diospyros	dendo	 -3.84	 0.52	 -7.34	 <0.001	
Staudtia	kamerunensis	var.	gabonensis	 -3.99	 0.41	 -9.78	 <0.001	
Vitex	doniana	 -4.18	 0.52	 -8.03	 <0.001	
Pentadesma	butyracea	 -4.27	 0.59	 -7.19	 <0.001	
Porterandia	cladantha	 -4.43	 0.61	 -7.24	 <0.001	
Diospyros	polystemon	 -4.49	 0.49	 -9.27	 <0.001	
Aucoumea	klaineana	 -4.68	 0.36	 -12.82	 <0.001	
Santiria	trimera	 -4.90	 0.62	 -7.85	 <0.001	
Uvariastrum	pierreanum	 -4.95	 0.73	 -6.82	 <0.001	




Trichoscypha	acuminata	 -5.72	 0.62	 -9.20	 <0.001	
Pycnanthus	angolensis	 -6.44	 1.19	 -5.43	 <0.001	
Months	*Maranthes	glabra	 0.07	 0.02	 4.41	 <0.001	
Months	*Pycnanthus	angolensis	 0.07	 0.02	 4.08	 <0.001	
Months	*Porterandia	cladantha	 0.03	 0.01	 4.19	 <0.001	
Months	*Pentadesma	butyracea	 0.03	 0.01	 4.17	 <0.001	
Months	*Vitex	doniana	 0.02	 0.01	 3.56	 <0.001	
Months	*Ongokea	gore	 0.01	 0.01	 2.73	 <0.01	
Months	*Trichoscypha	acuminata	 0.01	 0.00	 1.30	 0.19	
Months	*Santiria	trimera	 0.01	 0.00	 1.10	 0.27	
Months	*Staudtia	kamerunensis	var.	gabonensis	 0.00	 0.00	 1.14	 0.26	
Months	*Uapaca	guineensis	 0.00	 0.00	 0.44	 0.66	
Months	*Canarium	schweinfurthii	 0.00	 0.00	 0.28	 0.78	
Months	*Dacryodes	buettneri	 0.00	 0.00	 0.18	 0.85	
Months	*Irvingia	gabonensis	 0.00	 0.00	 -0.98	 0.33	
Months	*Uvariastrum	pierreanum	 0.00	 0.00	 -1.00	 0.32	
Months	*Heisteria	parvifolia	 -0.01	 0.00	 -1.68	 0.09	
Months	*Diospyros	polystemon	 -0.01	 0.00	 -1.45	 0.15	
Months	*Irvingia	grandifolia	 -0.01	 0.00	 -1.95	 0.05	
Months	*Diospyros	zenkeri	 -0.01	 0.00	 -1.94	 0.05	
Months	*Parkia	bicolor	 -0.01	 0.00	 -2.32	 <0.05	
Months	*Cissus	dinklagei	 -0.01	 0.00	 -2.42	 <0.05	
Months	*Cola	lizae	 -0.01	 0.00	 -2.72	 <0.01	
Months	*Xylopia	quintasii	 -0.01	 0.00	 -2.57	 <0.05	
Months	*Celtis	tessmannii	 -0.01	 0.00	 -3.04	 <0.01	
Months	*Ganophyllum	giganteum	 -0.01	 0.00	 -3.07	 <0.01	
Months	*Monanthotaxis	congoensis	 -0.01	 0.00	 -3.51	 <0.001	
Months	*Diospyros	dendo	 -0.01	 0.00	 -3.18	 <0.01	
Months	*Klainedoxa	gabonensis	 -0.01	 0.00	 -3.15	 <0.01	
Months	*Detarium	macrocarpum	 -0.01	 0.00	 -4.50	 <0.001	
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3.3.4 Modelling the impact of observation uncertainty 
































Variable Definition Level a Summary statistics b Predictor c 
Time series 
length 
Length of continuous 
observation of tree in 
months. 
ID Continuous (Mean = 251; 
SD = 93.9; Min = 60.0; 




Mean observer score for 
visibility, 1 (Difficult to see) 
to 3 (Very obvious).  
Sp-Ph Continuous (Mean = 
2.27; SD = 0.43; Min = 




Modal observer score for 
duration, 0: <= 4 wks, 1: > 4   
wks. 
























































































































































































































































3.5.1 Lesssons learned for effective analysis of long-term 



















3.5.2 Lessons learned for the design of tropical 

























































































































	Predictor	 Estimate	 SE	 Z	value	 P	value	
Intercept	 -0.54	 0.39	 -1.39	 0.16	
Length	Scaled	 1.51	 0.32	 4.78	 <0.001	
VisibilityScaled	 0.79	 0.14	 5.77	 <0.001	
Duration	(>4wks)	 0.46	 0.17	 2.67	 <0.01	







ID	 Intercept	 <0.001	 <0.001	 <0.04	
Species	 Intercept	 0.59	 0.77	 22.77	
Phenophase	 Intercept	 0.66	 0.81	 25.47	




	Phenophase	 Intercept	 LengthScaled	 	 	
Flowers	 1.19	 0.16	 	 	
Leaves	(new)	 0.33	 0.84	 	 	
Fruits	(unripe)	 0.23	 -0.79	 	 	
Leaves	(senescent)	
	
-0.84	 -0.31	 	 	





























































































































































































































4.2.3 High confidence in increased warming but 


































































































































































4.3.1 Description of the study area and weather data 



























































































































































































































































































































































































































































































































AIC	 DF	 AIC	 DF	
Rainfall	 1068.8	**	 2	 1119.0	 1	
Min	temp	 22595.1**	 5	 22608.3	 4	





AIC	 DF	 AIC	 DF	
Rainfall	 151049.8**	 10	 151261.8	 	7	















Response	 Predictor	 Estimate	 SE	 T/Z	value	 P	value	/	95%	CI	 	
Rainfall	 DJF	 0.69	 0.12	 5.64	 <0.0001	 **	
JJAS	 -0.02	 0.11	 -0.22	 0.83	 	
MAM	 1.12	 0.11	 9.93	 <0.0001	 **	
ON	 0.71	 0.13	 5.38	 <0.0001	 **	
Year:	DJF	 0.02	 0.03	 0.79	 0.43	 	
Year:	JJAS	 -0.25	 0.03	 -8.68	 <0.0001	 **	
Year:	MAM	 -0.06	 0.03	 -2.45	 <0.05	 **	
Year:	ON	 -0.03	 0.03	 -1.36	 0.17	 	
Min	Temp	 DJF	 22.34	 0.06	 368.60	 (22.23,	22.46)	 **	
JJAS	 21.25	 0.06	 375.47	 (21.14,	21.36)	 **	
MAM	 22.36	 0.06	 371.86	 (22.25,	22.48)	 **	
ON	 22.02	 0.07	 328.67	 (21.89,	22.15)	 **	
Year:	DJF	 0.30	 0.05	 6.05	 (0.20,	0.39)	 **	
Year:	JJAS	 0.16	 0.05	 3.41	 (0.07,	0.26)	 **	
Year:	MAM	 0.25	 0.05	 5.06	 (0.15,	0.34)	 **	








































































































































































































Response Predictors DF AIC  
Rainfall 
Season + NATL: Season + SATL: Season 
+ MEI: Season + IOD: Season + Year: 
Season 26 12233.8 
** 
Season + NATL: Season + SATL: Season 
+ MEI: Season + IOD + Year: Season 23 12325.9 
 
Season + NATL: Season + SATL: Season 
+ MEI + IOD: Season + Year: Season 23 12847.0 
 
Season + NATL: Season + SATL + MEI: 
Season + IOD: Season + Year: Season 23 12374.5 
 
Season + NATL + SATL: Season + MEI: 
Season + IOD: Season + Year: Season 23 12249.2 
 
Min. Temp. 
Season + NATL: Season + SATL: Season 
+ MEI: Season + IOD: Season + Year: 
Season 27 500.1 
 
Season + NATL: Season + SATL: Season 
+ MEI: Season + IOD:+ Year: Season 24 483.8 
 
Season + NATL: Season + SATL: Season 
+ MEI: Season + Year: Season 23 476.6 
 
Season + NATL: Season + SATL: Season 
+ MEI+ Year: Season 24 487.3 
 
Season + NATL: Season + SATL + MEI: 
Season + Year: Season 20 464.2 
 
Season + NATL: Season + MEI: Season + 
Year: Season 19 457.2 
 
Season + NATL + MEI: Season + Year: 
Season 16 443.6 
 














Predictor	 Estimate	 SE	 Z	Value	 P	Value	
	DJF	 4.45	 0.37	 11.89	 <0.0001	 **	
JJAS	 2.89	 0.33	 8.89	 <0.0001	 **	
MAM	 5.18	 0.37	 13.85	 <0.0001	 **	
ON	 5.43	 0.46	 11.87	 <0.0001	 **	
NATL:	DJF	 0.06	 0.02	 4.18	 <0.0001	 **	
NATL:	JJAS	 0.05	 0.02	 2.41	 <0.05	 **	
NATL:	MAM	 0.01	 0.01	 0.68	 0.49	
	NATL:	ON	 0.09	 0.02	 4.87	 <0.0001	 **	
SATL:	DJF	 0.12	 0.01	 10.47	 <0.0001	 **	
SATL:	JJAS	 0.31	 0.02	 15.52	 <0.0001	 **	
SATL:	MAM	 0.15	 0.01	 15.45	 <0.0001	 **	
SATL:	ON	 0.05	 0.01	 4.09	 <0.0001	 **	
MEI:	DJF	 -0.32	 0.01	 -24.72	 <0.0001	 **	
MEI:	JJAS	 -0.11	 0.02	 -5.29	 <0.0001	 **	
MEI:	MAM	 0.03	 0.01	 3.04	 <0.01	 **	
MEI:	ON	 -0.16	 0.01	 -11.33	 <0.0001	 **	
IOD:	DJF	 0.08	 0.02	 4.66	 <0.0001	 **	
IOD:	JJAS	 0.22	 0.02	 12.32	 <0.0001	 **	
IOD:	MAM	 0.03	 0.01	 2.63	 <0.01	
	IOD:	ON	 0.05	 0.01	 4.76	 <0.0001	 **	
Year:	DJF	 -0.05	 0.04	 -1.31	 0.19	
	Year:	JJAS	 -0.34	 0.04	 -8.68	 <0.0001	 **	
Year:	MAM	 -0.09	 0.04	 -2.65	 <0.01	 **	













Predictor	 Estimate	 SE	 	T	Value	 Lower	95%	CI	 Upper	95%	CI	
	DJF	 22.29	 0.21	 105.32	 21.92	 22.66	 **	
JJAS	 21.19	 0.18	 115.12	 20.87	 21.51	 **	
MAM	 22.29	 0.21	 105.45	 21.92	 22.66	 **	
ON	 21.95	 0.26	 85.17	 21.50	 22.40	 **	
MEI:	DJF	 0.19	 0.04	 4.71	 0.11	 0.26	 **	
MEI:	JJAS	 0.05	 0.04	 1.29	 -0.03	 0.13	
	MEI:	MAM	 0.18	 0.05	 3.93	 0.09	 0.27	 **	
MEI:	ON	 0.05	 0.05	 1.02	 -0.05	 0.15	
	Year:	DJF	 0.31	 0.05	 5.79	 0.21	 0.42	 **	
Year:	JJAS	 0.16	 0.05	 3.21	 0.06	 0.26	 **	
Year:	MAM	 0.26	 0.05	 4.81	 0.15	 0.36	 **	
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𝐶𝑊𝐷 !"# !" !,!" !….,!" !" =  0;	














































Variable	 Description	 Data	points	 Code	































Variable	 Description	 Data	points	 Code	
Calendar	month	 Factor;	Jan:Dec	 12	calendar	months	 Month	
Species	 Factor	 8	species	 Species	


















































































































































Species	 Factor	 8	species	 Species	




































































































































































































































































































































































































































































































































































































































































































































































A. klaineana (36%) P. soyauxii (8%)
D. buettneri (5%) C. lizae (4%)
P. angolensis (3%) P. macrophylla (3%)




























Predictors	 Obs.	 DF	 AIC	 	
CWD1	+	Solar1	+	LeafDamage1	 1440	 21	 9356.7	 *	
CWD1	+	Solar1		 1440	 13	 9483.5	 	
CWD1		+	LeafDamage1	 1440	 16	 9438.3	 	















	 	 	 	Predictor	 Estimate	 SE	 Z	value	 P	value	
Intercept	 -1.55	 0.29	 -5.37	 <0.0001	
CWD1	 0.27	 0.07	 3.70	 <0.001	
Solar1	 0.17	 0.07	 2.38	 <0.05	
LeafDamage1	 0.21	 0.07	 2.97	 <0.01	
B.	
	 	 	 	Group	 Random	effect	 Variance	 SD	
	TreeID	 Intercept	 0.74	 0.86	
	NL1	 4.01	 2.00	
	 NL2	 4.62	 2.15	 	
Month	 Intercept	 0.02	 0.12	









A.	klaineana	 0.83	 0.22	 -0.05	 -0.09	
C.	lizae	 -0.44	 -0.14	 -0.24	 -0.02	
D.	buettneri	 0.44	 0.14	 0.09	 -0.02	
G.	giganteum	 0.50	 -0.23	 -0.14	 -0.10	
K.	gabonensis	 -0.16	 -0.01	 0.22	 0.07	
P.	macrophylla	 -1.13	 0.12	 0.28	 0.20	
P.	soyauxii	 -0.99	 0.00	 -0.03	 0.10	































































Population-level	change	over	time	 Year	 Year	 9	 11465.4	 *	
Species-level	change	over	time	 Intercept	only	 Year	 8	 11482.5	 	




Population-level	change	over	time	 Year	 Year	 9	 3911.6	 	
Species-level	change	over	time	 Intercept	only	 Year	 8	 3911.3	 *	














	 	 	 	Predictor	 Estimate	 SE	 Z	value	 P	value	
Intercept	 -0.90	 0.26	 -3.45	 <0.001	
Year	 -0.83	 0.12	 -7.05	 <0.0001	
B.	
	 	 	 	Group	 Random	effect	 Variance	 SD	
	TreeID	 Intercept	 0.17	 0.41	
	Year	 0.04	 0.20	
	Year	 Intercept	 0.19	 0.44	
	Species	 Intercept	 0.48	 0.69	
	Year	 0.06	 0.24	
	C.	
	 	 	 	Species	 Random	intercept	 Random	slope	
	 	Year	
	 	A.	klaineana	 0.87	 0.14	
	 	C.	lizae	 0.37	 -0.09	
	 	D.	buettneri	 -0.66	 -0.18	
	 	G.	giganteum	 0.54	 0.21	
	 	K.	gabonensis	 -0.03	 -0.18	
	 	P.	macrophylla	 -0.97	 0.28	
	 	P.	soyauxii	 -0.76	 0.21	
































































































	 	 	 	Predictor	 Estimate	 SE	 Z	value	 P	value	
Intercept	 -4.38	 0.41	 -10.60	 <0.0001	
Year	 -0.24	 0.16	 -1.44	 0.15	
B.	
	 	 	 	Group	 Random	effect	 Variance	 SD	
	TreeID	 Intercept	 0.16	 0.40	
	Year	 0.04	 0.19	
	Year	 Intercept	 0.28	 0.53	
	Species	 Intercept	 1.25	 1.12	
	Year	 0.11	 0.33	
	C.	
	 	 	 	Species	 Random	intercept	 Random	slope	
	 	Year	
	 	A.	klaineana	 1.33	 -0.27	
	 	C.	lizae	 -1.43	 -0.01	
	 	D.	buettneri	 -0.52	 -0.15	
	 	G.	giganteum	 -0.17	 -0.33	
	 	K.	gabonensis	 -1.04	 0.35	
	 	P.	macrophylla	 0.71	 0.12	
	 	P.	soyauxii	 1.85	 -0.22	






































A.	 	 	 	 	




	CO2	+	Solar	+	MinTemp	+	Rain	+	MCWD	+	MCWD1	 1820	 37	 7173.4	
	CO2	+	Solar	+	MinTemp	+	Rain	+	MCWD	+	LeafDamage	 1820	 37	 7177.6	
	CO2	+	Solar	+	MinTemp	+	Rain	+	MCWD1	+	LeafDamage	 1820	 37	 7137.6	
	CO2	+	Solar	+	MinTemp	+	MCWD1	+	LeafDamage	 1820	 29	 7139.2	 *	
CO2	+	Solar	+	MinTemp	+	MCWD1	+	LeafDamage	 2038	 29	 7910.9	 *	
CO2	+	Solar	+	MCWD1	+	LeafDamage	 2038	 22	 7914.3	
	CO2	+	MinTemp	+	MCWD1	+	LeafDamage	 2038	 22	 7924.8	
	Solar	+	MinTemp	+	MCWD1	+	LeafDamage	 2038	 22	 8026.5	
	B.	 	 	 	
Predictors	 Obs.	 DF	 AIC	
	CO2	+	Solar	+	MinTemp	+	Rain	+	MCWD	+	MCWD1		 2235	 37	 8883.0	
CO2	+	Solar	+	MinTemp	+	Rain	+	MCWD	 2235	 29	 8914.0	 	
CO2	+	Solar	+	MinTemp	+	Rain	+	MCWD1	 2235	 29	 8877.6	 *	
CO2	+	Solar	+	MinTemp	+	MCWD1	 2235	 22	 8894.8	 	
CO2	+	Solar	+	Rain	+	MCWD1	 2235	 22	 8893.4	 	
CO2	+	MinTemp	+	Rain	+	MCWD1	 2235	 22	 8900.6	 	
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	 	 	Predictor	 Estimate	 SE	 Z	value	
Month:Apr	 -1.32	 0.40	 -3.27	
Month:Aug	 -1.94	 0.40	 -4.88	
Month:Dec	 -1.24	 0.33	 -3.74	
Month:Feb	 -1.31	 0.34	 -3.81	
Month:Jan	 -1.40	 0.37	 -3.76	
Month:Jul	 -1.56	 0.42	 -3.67	
Month:Jun	 -1.28	 0.36	 -3.55	
Month:Mar	 -1.33	 0.32	 -4.12	
Month:May	 -1.03	 0.36	 -2.90	
Month:Nov	 -1.50	 0.34	 -4.41	
Month:Oct	 -2.11	 0.36	 -5.92	
Month:Sep	 -2.51	 0.49	 -5.08	
B.	
	 	 	Group	 Random	effect	 Variance	 SD	
TreeID	 Intercept	 0.29	 0.54	






















	 	 	Predictor	 Estimate	 SE	 Z	value	
Month:Apr	 -2.24	 0.41	 -5.51	
Month:Aug	 -1.89	 0.40	 -4.70	
Month:Dec	 -2.32	 0.31	 -7.50	
Month:Feb	 -2.35	 0.40	 -5.81	
Month:Jan	 -2.50	 0.42	 -6.00	
Month:Jul	 -2.27	 0.39	 -5.78	
Month:Jun	 -2.71	 0.40	 -6.83	
Month:Mar	 -2.39	 0.40	 -5.94	
Month:May	 -2.43	 0.45	 -5.44	
Month:Nov	 -2.43	 0.35	 -7.00	
Month:Oct	 -2.15	 0.35	 -6.14	
Month:Sep	 -1.83	 0.37	 -4.91	
B.	
	 	 	Group	 Random	effect	 Variance	 SD	
TreeID	 Intercept	 0.27	 0.52	






















	 	 	Predictor	 Estimate	 SE	 Z	value	
Month:Apr	 2.41	 0.28	 8.55	
Month:Aug	 2.68	 0.24	 11.06	
Month:Dec	 2.19	 0.32	 6.89	
Month:Feb	 2.10	 0.24	 8.77	
Month:Jan	 2.12	 0.35	 6.09	
Month:Jul	 2.77	 0.25	 11.07	
Month:Jun	 2.57	 0.23	 11.00	
Month:Mar	 2.30	 0.27	 8.59	
Month:May	 2.27	 0.27	 8.40	
Month:Nov	 2.57	 0.32	 7.97	
Month:Oct	 2.95	 0.25	 11.89	
Month:Sep	 3.18	 0.21	 15.27	
B.	
	 	 	Group	 Random	effect	 Variance	 SD	
TreeID	 Intercept	 0.19	 0.44	





















	 	 	Predictor	 Estimate	 SE	 Z	value	
Month:Apr	 -1.74	 0.40	 -4.37	
Month:Aug	 -1.68	 0.37	 -4.57	
Month:Dec	 -1.75	 0.46	 -3.79	
Month:Feb	 -1.71	 0.44	 -3.89	
Month:Jan	 -1.53	 0.34	 -4.53	
Month:Jul	 -1.63	 0.38	 -4.26	
Month:Jun	 -1.79	 0.42	 -4.24	
Month:Mar	 -1.80	 0.44	 -4.14	
Month:May	 -1.80	 0.44	 -4.06	
Month:Nov	 -1.75	 0.43	 -4.08	
Month:Oct	 -1.65	 0.40	 -4.12	
Month:Sep	 -1.66	 0.43	 -3.83	
B.	
	 	 	Group	 Random	effect	 Variance	 SD	
TreeID	 Intercept	 0.10	 0.31	




















Year	 Rain	 MinTemp	 Solar	 CO2	 MCWD	 MCWD1	
Leaf	
Damage	
Year	 1.00	 0.04	 0.54	 0.27	 1.00	 -0.34	 -0.26	 -0.59	
Rain	
	
1.00	 -0.12	 0.04	 0.03	 0.42	 0.04	 -0.56	
MinTemp	
	 	
1.00	 0.38	 0.56	 -0.18	 -0.25	 -0.16	
Solar	
	 	 	
1.00	 0.29	 -0.08	 0.18	 -0.40	
CO2	
	 	 	 	
1.00	 -0.35	 -0.27	 -0.59	
MCWD	
	 	 	 	 	
1.00	 0.00	 0.13	
MCWD1	



















	 	 	Predictor	 Estimate	 SE	 Z	value	 P	value	
	Intercept	 -0.97	 0.25	 -3.84	 <0.001	 	
	CO2	 -1.24	 0.17	 -7.41	 <0.0001	 	
	MinTemp	 0.01	 0.10	 0.14	 0.89	 	
	MCWD1	 -0.20	 0.10	 -2.03	 <0.05	 	
LeafDamage	 0.08	 0.07	 1.23	 0.22	 	




	 	 	Group	 Random	effect	 Varian
ce	
SD	
TreeID	 Intercept	 0.19	 0.43	 	
	 	Year	 Intercept	 0.10	 0.32	 	
	 	Species	 Intercept	 0.44	 0.67	 	
	 	CO2	 0.10	 0.32	 	
	 	MinTemp	 0.01	 0.11	 	
MCWD1	 0.02	 0.13	 	
	 	LeafDamage	 0.02	 0.14	 	




	 	 	Species	 Random	
intercept	
Random	slope	
CO2	 MinTemp	 MCWD1	 LeafDamage	 Solar	
A.	klaineana	 0.90	 0.36	 -0.08	 0.23	 0.08	 0.05	
C.	lizae	 0.23	 -0.02	 -0.04	 -0.04	 0.10	 0.03	
D.	buettneri	 -0.54	 -0.09	 0.01	 -0.04	 0.04	 0.07	
G.	giganteum	 0.60	 0.34	 -0.10	 0.16	 -0.10	 -0.18	
K.	gabonensis	 0.05	 -0.33	 -0.03	 -0.09	 0.14	 0.10	
P.	macrophylla	 -0.85	 0.32	 -0.04	 -0.02	 0.02	 -0.01	
P.	soyauxii	 -0.89	 -0.09	 0.10	 -0.13	 -0.27	 -0.20	















Predictor	 Estimate	 SE	 Z	value	 P	value	
	
	
Intercept	 -1.06	 0.24	 -4.41	 <0.001	
	
	
CO2	 -1.02	 0.15	 -6.65	 <0.001	
	
	
MinTemp	 -0.11	 0.10	 -1.10	 0.27	
	
	
Rain	 -0.17	 0.08	 -1.98	 <0.05	 	
MCWD1	 -0.18	 0.09	 -1.93	 0.05	 	 	











TreeID	 Intercept	 0.19	 0.44	 	
	
	
Year	 Intercept	 0.09	 0.31	 	
	
	
Species	 Intercept	 0.40	 0.63	 	
	
	
CO2	 0.13	 0.36	 	
	
	
MinTemp	 0.01	 0.12	 	 	
Rain	 0.01	 0.11	 	
	
	
MCWD1	 0.01	 0.12	 	 	










CO2	 MinTemp	 Rain	 MCWD1	 Solar	
A.	klaineana	 0.81	 0.15	 -0.12	 0.05	 0.20	 0.17	
C.	lizae	 0.19	 -0.20	 -0.12	 -0.12	 -0.06	 0.14	
D.	buettneri	 -0.57	 -0.18	 0.07	 -0.06	 0.01	 0.10	
G.	giganteum	 0.54	 0.35	 -0.08	 0.08	 0.12	 -0.04	
K.	gabonensis	 0.01	 -0.22	 0.01	 -0.04	 -0.09	 0.03	
P.	macrophylla	 -0.77	 0.57	 0.06	 0.06	 0.05	 -0.29	
P.	soyauxii	 -0.82	 0.11	 -0.02	 -0.12	 -0.16	 -0.17	


































































































































































































































































































































































































2010	 649	 7	 -	 5	
2011	 0	 362	 114	 26	
2012	 0	 334	 88	 15	
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7.2 Developing robust indicators for 
tropical phenology  












































































































7.3 Tropical phenology in a time of change 






































































































7.4 The social impacts of tropical phenology 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix A: Power analysis of simulated data to 
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II. Decreasing detectability (proportion of 
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Appendix B: Demonstration of Fourier analysis 
for three case study species and comparison 





























































































































(a) (b) (c) Antidesma vogelianum 
mean canopy score 
0        1        2        3        4 
(d) (e) (f) Pentadesma butyracea 




















Quantitative	description	of	flowering	cycles	 A.	vogelianum	 P.	butyracea	 D.	macrocarpa		




Mean	cycle	length	+	SD	(months)	 6	+	0	 12	+	0.25	 17.9	+	0.99	












































































































































































































































































































































(a) (b) (c) Antidesma vogelianum 
mean canopy score 
0        1        2        3        4 
(d) (e) (f) Pentadesma butyracea 













































































































































































































































































(a) (b) (c) Antidesma vogelianum 
mean canopy score 
0        1        2        3        4 
(d) (e) (f) Pentadesma butyracea 




























































































(a) (b) (c) Antidesma vogelianum 
mean canopy score 
0        1        2        3        4 
(d) (e) (f) Pentadesma butyracea 


















































































































































































































































































(a) (b) (c) Antidesma vogelianum 
mean canopy score 
0        1        2        3        4 
(d) (e) (f) Pentadesma butyracea 




























































































(a) (b) (c) Antidesma vogelianum 
mean canopy score 
0        1        2        3        4 
(d) (e) (f) Pentadesma butyracea 



































Predictor	 Estimate	 SE	 T	value	 P	value	
Intercept	 0.86	 0.42	 2.05	 <0.05	
Rainfall	(rain	gauge)	 0.82	 0.02	 35.67	 <0.0001	
	
We	extracted	the	intercept	and	slope	from	the	GLM	to	reproject	the	weather	
station	data	and	calculated	mean	daily	rainfall	for	each	day	with	more	than	
one	record.	Between	1st	January	1984	and	31st	December	2017	there	were	
369	days	with	no	rainfall	observations	(3%	total	number	of	days).	Where	
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possible	we	filled	these	gaps	using	the	10-day	running	mean	for	the	time-
series,	but	308	missing	daily	observations	remained	in	three	blocks:	2010-
09-16	-	2010-12-26	(lost	rain	gauge	data),	2013-10-31	-	2013-11-30	and	
2014-02-02		-	2014-07-26	(lost	VantagePro	data	due	to	lightning	strike	on	
equipment).	For	further	analyses	requiring	complete	monthly	timeseries	
(Fourier	and	Wavelet	methods)	we	filled	missing	months	using	the	mean	
value	for	corresponding	calendar	month	(Figure	C3).	All	data	selection	
procedures	described	above	are	shown	as	a	flow	chart	in	Figure	C4.	
	
Figure	C3.	Time	series	plot	of	monthly	rainfall	at	Lopé	NP,	1984-2018.	The	line	
shows	the	calibrated	data	filled	with	the	10-day	running	mean	to	give	total	
monthly	rainfall.	Red	dots	indicate	missing	months,	which	were	filled	using	the	
mean	value	for	the	corresponding	calendar	month.	
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Figure	C4	Diagram	to	show	data	selection	for	rainfall	analyses.	Bold	boxes	
indicate	data	packages.	Grey	dashed	boxes	indicate	processes.	Blue	boxes	
indicate	analyses.	
	 	
A.	Lopé	con*nuous	rainfall:	
•  VantagePro	Rain	guage	
B.	Lopé	daily	rainfall:	
•  Manual	rain	gauge	
Calculate	max.	and	min.	
temp.	in	each	24-hr	period	
C.	Lopé	daily	rainfall	*me	series	for	each	source	(12612	obs.).	
D.	Lopé	daily	rainfall	*me	series	(12050	obs.).	
E.	Lopé	monthly	rainfall	(397	obs.)	
F.	Complete	Lopé	monthly	rainfall	(408	obs.).	
Periodicity	analyses	
(Fourier	and	Wavelet)	
Seasonality	analyses	
(DOY,	10-day	running	and	
Monthly	means)	
Trend	analysis	
Analysis	of	interannual	
variaDon	and	influence	of	
the	oceans	
Calibrate	data	sources	
(linear	model)	and	calculate	
mean	daily	max	and	min.	
temp	for	each	day	
Calculate	monthly	rainfall	
Fill	missing	months	using	
mean	value	for	
corresponding	calendar	
month	
Fill	gaps	using	10-day	
running	mean	
D.	Lopé	daily	rainfall	*me	series	(12419	obs.).	
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Temperature	
Maximum	and	minimum	daily	temperatures	have	been	recorded	at	Lopé	
using	six	different	pieces	of	equipment	at	the	two	sites	from	1984	to	the	
present	(Figure	C5).		
	
Figure	C5	Time	series	plots	of	maximum	(A)	and	minimum	(B)	daily	
temperature	observations	at	Lopé	NP,	1984-2018.	Coloured	dots	show	the	
unprojected	daily	observations	from	both	sites	(forest	and	savanna)	using	
different	equipment.	The	black	line	shows	monthly	mean	minimum	daily	
temperature	from	the	Berkeley	dataset.	
	
The	manual	max/min	thermometer	showed	the	highest	and	lowest	
temperature	since	last	reset	and	was	recorded	at	irregular	intervals.	In	the	
case	of	multi-day	intervals	between	data	observations	it	is	impossible	to	
know	which	day	temperature	extremes	occurred	on.	We	therefore	assigned	
the	recorded	observations	to	the	mid-date	between	the	current	and	previous	
observations	for	all	multiday	intervals	outside	of	three	major	breaks	where	
the	equipment	was	out	of	use:	1998/07	-	1999/01,	2001/03	-	2001/08	and	
2001/08	-	2006/06.	The	digital	max/min	thermometer	showed	the	highest	
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and	lowest	temperatures	of	the	previous	24hrs	(usually	recorded	between	8	
and	9am).		The	automatic	units	collected	data	in	intervals	up	to	30	minutes	
long.	We	calculated	minimum	and	maximum	daily	temperature	for	the	
continuous	data	records	using	a	24hr	period	from	8am-8am	to	match	the	
thermometer	data.	
The	three	major	challenges	for	using	this	Lopé	temperature	record	for	long-
term	analyses	are	1)	the	impacts	of	solar	radiation	during	the	day	on	
maximum	daily	air	temperature	measurements,	2)	lack	of	simultaneous	
recording	pre-2007	to	quantify	the	differing	sensitivities	of	recording	
equipment	(e.g.	to	sunlight)	and	3)	missing	data.	We	describe	here	(and	in	
diagram	form	in	Figure	C8)	how	we	addressed	these	challenges.		
Maximum	daily	temperature	is	usually	the	highest	temperature	recorded	
during	daylight	hours	and	is	strongly	influenced	by	surface	solar	radiation,	
while	minimum	daily	temperature	usually	occurs	at	night	and	is	thus	less	
impacted	by	irradiance	effects	(Bristow	&	Campbell	1984;	Dai	et	al.	1999).	
While	various	attempts	were	made	to	shade	the	recording	equipment	at	
Lopé,	it	has	since	been	shown	that	specialised	solar	radiation	shields	are	
necessary	for	accurate	recording	of	maximum	daily	air	temperature	(Jenkins	
2014;	Bell	et	al.	2015;	da	Cunha	2015).	However	recent	experience	at	Lopé	
using	specialist	TinyTag	solar	shields	has	shown	that	they	increase	the	
likelihood	of	termite	invasion,	which	has	resulted	in	equipment	failure	in	
some	cases.	The	relative	exposure	of	the	savanna	site	(away	from	the	forest	
canopy)	and	the	dynamic	nature	of	the	“shaded”	forest	site	(increasing	and	
decreasing	irradiance	in	response	to	canopy	changes)	has	interacted	with	the	
differing	sensitivities	of	each	recording	unit	and	led	to	variability	in	the	
means	and	ranges	of	maximum	temperature	data	derived	from	different	
equipment	(Figure	C6).		
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Figure	C6	Boxplots	of	maximum	(A)	and	minimum	(B)	daily	temperature	at	Lopé	
NP,	1984-2018.	Lopé	forest	observations	cover	the	period	1984	-	2018	and	Lopé	
savanna	observations	cover	the	period	2002	–	2018.	Grey	dots	show	the	daily	
data	collected	at	both	sites	(forest	and	savanna)	using	different	equipment.	
Boxplots	show	the	median	(vertical	bar),	interquartile	range	(25th	and	75th	
centiles;	filled	box),	the	normal	range	(no	more	than	1.5	times	the	interquartile	
range	from	the	25th	and	75th	centiles,	horizontal	black	lines)	and	the	outliers	
(outside	of	the	normal	range,	black	dots).		
	
Because	of	the	lack	of	simultaneous	recording	(pre-2007)	to	evaluate	these	
differences	and	the	dynamic	nature	of	sunlight	effects	over	time	even	for	
observations	deriving	from	the	same	equipment	(e.g.	canopy	changing)	we	
chose	to	use	maximum	and	minimum	daily	temperature	observations	from	
all	equipment	to	assess	mean	seasonality	(Day	of	Year	and	Monthly	means)	
and	periodicity	(Fourier	and	Wavelet	analyses)	for	each	site,	but	only	
minimum	daily	temperature	for	long-term	assessments	of	change	and	inter-
annual	variability.	As	Fourier	and	Wavelet	analyses	require	continuous	
timeseries,	we	summarised	all	max	and	min	data	(25538	daily	max	and	min	
observations)	to	monthly	mean	timeseries	for	each	site,	excluding	months	
with	fewer	than	five	observations.	We	filled	missing	months	using	the	mean	
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value	for	the	corresponding	calendar	month	from	the	entire	time	series	
(Figure	C7).	
	
Figure	C7	Time	series	plot	of	monthly	mean	maximum	(A)	and	minimum	(B)	
daily	temperature	observations	at	Lopé	NP,	1984-2018.	The	line	shows	the	
monthly	means	for	each	site.	Red	dots	indicate	missing	months,	which	were	filled	
using	the	mean	value	for	the	corresponding	calendar	month.	
	
For	long-term	analyses	we	combined	minimum	temperature	data	from	both	
sites	(mean	minimum	temperature	from	simultaneous	TinyTag	recordings	
are	22.3°c +1.1	sd	in	the	forest	and	22.0°c		+	1.2	sd	in	the	savanna)	and	
calculated	the	mean	daily	minimum	temperature	from	all	sites	and	
equipment	for	each	day	in	the	time	series	(8217	observations	from	3/1/1984	
to	31/12/2017,	34%	days	missing).	We	used	this	daily	time	series	for	trend	
analysis	and	to	calculate	monthly	timeseries.	First	we	calculated	the	average	
daily	low	temperature	for	each	month	(monthly	mean	of	minimum	daily	
temperature)	excluding	months	with	fewer	than	five	observations	(overall	
mean	number	of	observations	per	month	for	all	equipment	=	22.3).	The	
manual	max/min	thermometer	used	from	1984	to	2002	does	however	
accurately	record	the	extreme	lows	in	daily	minimum	temperature	for	the	
entire	interval	between	observations.	In	order	to	make	best	use	of	this	
information	we	also	calculated	extreme	daily	low	temperature	for	each	
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month	(monthly	minimum	of	minimum	daily	temperature)	for	the	Lopé	time-
series.	We	included	all	months,	no	matter	the	number	of	observations,	from	
the	manual	thermometer	record	but	only	months	with	more	than	five	
observations	for	all	other	data	collection	methods.		
In	the	final	Lopé	minimum	temperature	record	there	are	36	monthly	
observations	missing	(9%	total	number	of	months)	for	the	average	low	
temperature	timeseries	and	24	monthly	observations	missing	(6%	total	
number	of	months)	for	the	extreme	low	temperature	timeseries	between	
Januuary	1984	and	December	2017.	All	data	selection	procedures	described	
above	are	shown	as	a	flow	chart	in	Figure	C8.	
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Figure	C8	Diagram	to	show	data	selection	for	temperature	analyses.	Bold	boxes	
indicate	data	packages.	Grey	dashed	boxes	indicate	processes.	Blue	boxes	
indicate	analyses.	 	
A.	Lopé	con*nuous	temp:	
•  HOBO	
•  TinyTag	
•  VantagePro2	
•  SKYE	Minimet	
B.	Lopé	daily	max/min	temp:	
•  Manual	thermometer	
•  Digital	thermometer	
Calculate	max.	and	min.	
temp.	in	each	24-hr	period	
C.	Lopé	daily	max/min	temp	*me	series	for	each	source	and	site	(25538	obs.).	
D.	Lopé	daily	max/min	temp	*me	series	for	forest	(13831	obs.)	and	savanna	(9607	obs.).	
E.	Lopé	monthly	mean	daily	max/min	temp	
*me	series	for	forest	(Max	ts	=	327	obs,	Min	
ts	=	329	obs..)	and	savanna		(Max	and	Min	ts	
=	166	obs.).	
F.	Complete	Lopé	monthly	mean	daily	max/
min	temp	*me	series	for	forest	(Max	and	
min	ts	=	408	obs)	and	savanna		(Max	and	
Min	ts	=	192	obs.).	
Periodicity	analyses	
(Fourier	and	Wavelet)	
Seasonality	analyses	
(DOY,	10-day	running	and	
Monthly	means)	
E.	Lopé	daily	min	temp	*me	series	(8217	
obs.).	
Trend	analysis	
Analysis	of	interannual	
variaDon	and	influence	of	
the	oceans	
Calculate	mean	daily	max	
and	min.	temp	for	each	day	
Calculate	mean	monthly	
max	and	min.	temp	
excluding	months	<5	obs.	
Fill	missing	months	using	
mean	value	for	
corresponding	calendar	
month	
Calculate	mean	daily	min.	
temp	(across	both	sites)	
Calculate	mean	monthly	min.	temp	
(excluding	months	<5	obs.)	and	
extreme	monthly	min.	temp	
(excluding	months	<5	obs	except	for	
manual	thermometer	data).	
F.	Lopé	
monthly	
average	low	
temp	*me	
series	(372	
obs.)	
G.	Lopé	
monthly	
extreme	low	
temp	*me	
series	(384	
obs.)	
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Relative	Humidity	
Relative	humidity	(RH)	has	been	recorded	at	Lopé	using	five	different	types	
of	equipment	(wet/dry	bulb,	HOBO	units,	TinyTags,	and	both	weather	
stations)	at	the	two	sites	(savanna	and	forest)	from	1985	to	the	present	
(Figure	C9).	
	
Figure	C9	Time	series	plots	of	day	and	night	relative	humidity	at	Lopé	NP	1983-
2018.	Coloured	dots	show	daily	observations	from	both	sites	(forest	and	
savanna)	and	different	equipment.	Humidity	bulb	observations	were	recorded	
once	per	day	at	different	times.	The	remaining	observations	are	mean	values	for	
the	day	or	night	from	automated	data	collection	with	intervals	up	to	30	minutes	
long.	
	
The	four	major	challenges	in	creating	a	Lopé	humidity	record	for	long-term	
analyses	are	1)	the	impacts	of	solar	radiation	and	water	saturation	on	
humidity	measurements	and	the	differing	sensitivities	of	recording	
equipment	to	these,	2)	the	variable	observation	times	pre-2002	using	the	
wet-dry	bulb,	3)	drift	in	measurement	errors	over	time	and	low	frequency	of	
equipment	calibration	and	4)	missing	data.		
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We	know	that	direct	solar	radiation	leads	to	underestimation	of	RH	(da	
Cunha	2015)	and	that	accurate	data	requires	specialised	solar	screens,	which	
were	not	used	at	Lopé	before	2017.	To	avoid	errors	in	our	dataset	associated	
with	solar	radiation	we	separated	day	(6am-6pm)	and	night	(6pm-6am)	
observations	for	the	data	derived	from	the	automatic	units	and	calculated	the	
mean	humidity	for	each	session	per	24-hour	period	(6am-6am;	Figure	C9).	
Restricting	further	analyses	to	night	time	data	also	precluded	the	humidity	
bulb	data	as	it	was	only	collected	during	the	daytime.	In	any	case,	it	proved	
difficult	to	use	this	data	for	seasonal	or	inter-annual	analyses	as	it	was	
recorded	at	different	times	each	day	depending	on	the	research	station	
schedule	(usually	between	7am	and	6pm).		The	TinyTag	manufacturers	
(GEMINI)	advised	us	that	erroneous	0%	RH	observations	represented	a	
shorting	of	the	internal	circuit	under	conditions	of	water	saturation	and	so	
we	removed	all	zeroes	before	calculating	daily	means.		
In	2016/17	all	TinyTag	humidity	units	were	calibrated	in	the	UK	and	were	
found	to	be	over	measuring	relative	humidity	by	3.9	-	13.4%	(at	an	applied	
humidity	of	77-78%).	Following	these	checks,	two	units	were	replaced	and	
the	humidity	channels	on	the	remainder	were	adjusted.	However	is	very	
difficult	to	know	when	the	measurement	drift	occurred	between	2010	and	
2016	and	how	to	remove	this	error.	None	of	the	units	were	calibrated	
regularly	and	as	a	result	were	often	used	outside	of	expiry	periods	meaning	
that	this	measurement	drift	may	be	an	issue	for	the	other	data	too.	For	
example,	HOBO	units	often	measured	RH	>100%	(Figure	C10)	and	the	SKYE	
data	shows	downward	drift	over	time	in	2015/2016	(Figure	C9).	
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Figure	C10	Boxplots	of	night-time	relative	humidity	at	Lopé	NP,	2002-2018.	Grey	
dots	show	the	daily	(night-time)	data	observations	from	both	sites	(forest	and	
savanna)	using	different	equipment.	Boxplots	show	the	median	(vertical	bar),	
interquartile	range	(25th	and	75th	centiles;	filled	box),	the	normal	range	(no	
more	than	1.5	times	the	interquartile	range	from	the	25th	and	75th	centiles,	
horizontal	black	lines)	and	the	outliers	(outside	of	the	normal	range,	black	dots).		
	
Because	of	the	data	problems	described	above,	we	chose	to	use	the	full	night	
time	RH	automated	data	record	to	assess	mean	seasonality	(Day	of	Year	and	
Monthly	means)	and	periodicity	(Fourier	and	Wavelet	analyses;	complete	
monthly	mean	time	series	shown	in	Figure	C11)	for	each	site,	but	not	for	
long-term	assessments	of	change	and	inter-annual	variability.		
	
Figure	C11	Time	series	plot	of	monthly	mean	relative	humidity	observations	at	
Lopé	NP,	2007-2018.	The	line	shows	the	monthly	means	for	each	site.	Red	dots	
indicate	missing	months,	which	were	filled	using	the	mean	value	for	the	
corresponding	calendar	month.	 	
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Solar	Radiation	
Solar	radiation	has	been	recorded	at	Lopé	using	two	weather	stations	in	the	
savanna	from	2012	to	2016	(Figure	C12).	Because	the	data	is	short	and	
patchy	we	can	only	use	it	to	demonstrate	seasonality	and	periodicity	(Fourier	
analysis	using	the	continuous	time	series	showin	in	Figure	C13)	not	long-
term	trends	or	interannual	variation.		
	
Figure	S4.1.12	Time	series	plots	of	surface	solar	radiation	at	Lopé	NP,	2012-
2016.	Coloured	dots	show	daily	mean	observations	from	different	equipment.	
	
	
Figure	C13	Time	series	plot	of	monthly	mean	solar	radiation	observations	at	
Lopé	NP,	2012-2016.	The	line	shows	the	monthly	means	for	each	site.	Red	dots	
indicate	missing	months,	which	were	filled	using	the	mean	value	for	the	
corresponding	calendar	month.	
Wind	Speed	and	Direction	
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Wind	speed	and	direction	have	been	recorded	at	Lopé	using	two	weather	
stations	in	the	savanna	from	2012	to	2016	(Figure	C14).		
		
Figure	C14	Time	series	plot	of	wind	speed	at	Lopé	NP,	2012-2017.	Coloured	dots	
show	daily	mean	observations	from	different	equipment.	
	
Because	the	windspeed	data	is	short	and	patchy	we	can	only	use	it	to	
demonstrate	seasonality	and	periodicity	(Fourier	analysis	using	the	
continuous	time	series	shown	in	Figure	C15)	not	long-term	trends	or	
interannual	variation.		
	
Figure	C15	Time	series	plot	of	monthly	mean	wind	speed	observations	at	Lopé	
NP,	2012-2016.	The	line	shows	the	monthly	means	for	each	site.	Red	dots	
indicate	missing	months,	which	were	filled	using	the	mean	value	for	the	
corresponding	calendar	month.	
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The	two	different	weather	stations	also	recorded	wind	direction	data	but	the	
seasonal	summaries	of	wind	direction	are	very	different	from	each	station	
(Figure	C16).	Wind	measurements	are	highly	influenced	by	local	turbulence	
for	these	types	of	weather	stations	(Bell	et	al.	2015).	Because	of	the	localised	
nature	of	the	measurements,	the	disagreements	between	the	weather	
stations	and	the	short	and	patchy	nature	of	the	record	we	exclude	wind	
direction	from	current	analyses	until	there	is	a	more	extensive	data	record	at	
Lopé.	
	
	
Figure	C16	Rose	diagrams	to	show	wind	direction	at	Lopé	NP,	2012-2016.	
Circular	bar	plots	show	the	mean	proportion	of	time	spent	in	each	wind	
direction	in	each	season	(DJF:	Dec-Feb,	JJAS:	Jun-Sep,	MAM:	Mar-May,	ON:	Oct-
Nov)	for	each	piece	of	equipment.	The	shade	of	the	bar	indicates	mean	wind	
speed	(Dark	fill:	high	speeds,	Light	fill:	low	speeds).	
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Aerosol	Optical	Thickness	
We	downloaded	the	AERONET	level	2.0	data	product	(automatically	cloud-
cleared	and	manually	quality	assured)	from	the	NASA	website	and	extracted	
data	for	the	wavelengths	440,	550	and	675nm	as	relevant	for	
photosynthetically	active	radiation	(PAR:	400-700nm;	Figure	C17).).		
	
Figure	C17	Time	series	plot	of	Aerosol	Optical	Depth	at	Lopé	NP,	2014-2017.	
Coloured	dots	show	daily	mean	observations	at	different	aerosol	optical	depths	
relevant	for	photosynthetically	active	radiation	(440,	500	and	675nm).	
	
Due	to	equipment	error	and	data	removal	due	to	cloudiness,	61%	of	data	
between	24-04-2014	and	06-03-2017	is	missing.	Data	availability	is	strongly	
seasonal	and	is	most	sparse	in	the	months	June-November	(85%	data	points	
are	missing	in	August)	and	most	dense	in	March	(only	35%	data	points	
missing).	Because	the	data	is	short	and	patchy	we	can	only	use	it	to	
demonstrate	seasonality	and	periodicity	(Fourier	analysis	using	the	
continuous	time	series	shown	in	Figure	C18)	not	long-term	trends	or	
interannual	variation.		
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Figure	C18	Time	series	plot	of	monthly	mean	Aerosol	Optical	Depth	observations	
at	Lopé	NP,	2012-2017.	The	line	shows	the	monthly	means	for	each	site.	Red	dots	
indicate	missing	months,	which	were	filled	using	the	mean	value	for	the	
corresponding	calendar	month.	
	
